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Detailed analysis of genes encoding antibody molecules has provided consid- 
erable insight  into the mechanisms responsible for the extraordinary  structural 
diversity of antibodies (1).  In particular,  it is clear that combinatorial joining of 
V,, D, and.J, gene segments (for heavy chains) and of VH and J~ gene segments 
(for light chains),  coupled with random  combinatorial association of heavy and 
light chains, may permit the assembly of  at least 107 different antibody combining 
sites (2-4). 
Perhaps  surprisingly,  careful  study of antibodies of restricted  heterogeneity 
directed against specific antigens has revealed that much of the observed diversity 
in these antibody populations results from a process of somatic mutation super- 
imposed  on  a  small  number  of  germline  genetic  elements.  In  the  BALB/c 
antibody response to phosphorylcholine (PC), 1 for example, a single germline VH 
gene segment (V 1) and a single germline J, gene segment (Jn 1) direct the synthesis 
of virtually all observed heavy chains (5, 6). In this case, heavy chains containing 
as many as eight variant amino acids result from the superimposition of  a localized 
hypermutational  mechanism  acting  concordantly  on  VH and  V~ genes  (7,  10). 
Somatic mutation  has also been observed in a  family of genes encoding  nitro- 
phenacetyl  (NP)-specific heavy chains  in  C57BL/10 mice (1 1) and  in V~ genes 
encoding antibodies specific for azobenzenearsonate (ARS) (12), oxazolone (OX) 
(13),  and  the synthetic polypeptide, glutamic  acid-alanine-tyrosine  (GAT) (14). 
In  each  of  these  systems  a  family  of  closely  related  antibody  molecules  is 
apparently  generated  through  the  mutational  alteration  of a  single  germline 
gene segment that serves as a substrate for each of the variant sequences. 
To  further  characterize  the  genetic  basis  of  antibody  diversity,  we  have 
conducted  a  detailed  analysis  of murine  antibodies  directed  against  group  A 
streptococcal  carbohydrate  (GAC).  This  antibody  family  represents  an  ideal 
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model  system  for the  study of antibody  diversity,  since  each  individual  mouse 
produces one or at most a few predominant  antibodies to GAC, while the strain 
repertoire  of such antibodies  is quite  large,  representing  at  least  200  different 
species by isoelectric-focusing  (IEF)  criteria  (15-17).  We have previously dem- 
onstrated  that  (a) murine  anti-GAC  antibodies  are almost entirely  restricted  to 
IgM and  IgG3 isotypes (18), (b) >50%  of A/J mouse anti-GAC  antibodies share 
a  common  light  chain  identified  by spectrotypic  (16)  or idiotypic  (19) criteria, 
and  (c) since  all  A/J anti-GAC  hybridomas  are  spectrotypically  distinguishable 
although  most contain an apparently  identical  light chain,  much of the observed 
antibody diversity in this response may result from the combinatorial  pairing  of 
multiple  heavy chains with a  single light chain (16,  19). Here we report amino- 
terminal  sequence analysis of GAC-specific antibodies as well as the cloning and 
sequencing  of the  VH gene  encoding  one  of the  antibody  heavy  chains.  Our 
analysis demonstrates  the existence of multiple,  highly homologous germline  VH 
gene segments encoding A/J anti-GAC antibodies, and underlines the importance 
of the germline antibody gene repertoire in the generation of antibody diversity. 
Materials  and  Methods 
Hybridoma  Protein Put,cation.  The  production  of  GAC-specific  hybridomas  from 
hyperimmune  mice  has  been described (19).  Previously  unreported  hybridomas  were 
HGAC63,  HGAC72, and  HGAC85, all  IgG3~; and  HGAC73, IgG3x.  Anti-GAC hybri- 
doma proteins, all IgG3,, were purified by adsorption to N-acetyl-glucosamine-conjugated 
Sepharose 4B and subsequent elution with  10% (wt/vol) N-acetyl glucosamine. N-acetyl 
glucosamine is the immunodominant determinant on GAC (20). 
Separation of H and L chains.  Purified proteins were reduced in 6.5 M guanidine,  0.5 
M Tris (pH 8.2), and 0.2  M mercaptoethanol  for  1 h and were subsequently alkylated 
with an equal volume of 0.36  M iodoacetamide,  1 M Tris (pH 8.2) for  15  min before 
dialysis  against  3  M  guanidine,  0.2  M  ammonium  bicarbonate  solution  as  previously 
described  (19).  The  fully reduced  heavy and  light  chains  were then  separated  by gel 
filtration  using an AcA34 column (3 ×  73 cm; LKB, Bromma, Sweden) equilibrated in 
the guanidine/ammonium  bicarbonate solution. 
Protein Sequencing.  Automated Edman degradations were performed using the Caltech 
spinning  cup  sequenator  (heavy chains)  (21)  or a  modified  Beckman  890B  (Beckman 
Instruments,  Inc.,  Palo Alto,  CA) spinning  cup sequenator  (light chains)  as previously 
described (22). Between 1 and  I0 nmol were loaded per sequencing run and all residues 
were identified by high pressure  liquid chromatography  (23).  Each chain was analyzed 
during multiple separate sequencing runs. 
Library Construction.  High molecular weight genomic DNA was isolated from GAC9 
hybridoma cells according to the method of Blin and Stafford (24). This DNA was partially 
digested with MboI (New England Biolabs) (0.1  U/ug for 15 min) and fragments with an 
average  size  of 20  kb  were  purified  by  sucrose  gradient  centrifugation  (25).  These 
heterogeneous  20-kb inserts were then  ligated into the BamHI site of the L47.1  phage 
vector (26) and packaged in vitro before plating on KH802 host cells (27). 
Library Screening.  A single library of 106 phage was screened using a probe containing 
a  3.2-kb insert  that  included the entire Jn region  from germline  BALB/c DNA cloned 
into pBR322 (28),  labeled to a  specific activity of l0 s cpm/#g by nick translation  (29) 
using s~P-nucleotide triphosphates (New England Nuclear, Boston, MA). Positive colonies 
were picked, rescreened, and grown in mass culture for DNA purification (30). 
DNA  Sequencing.  Appropriate  fragments  were ligated  into  M13mp8  (Collaborative 
Research Inc., Lexington, MA) for sequencing using the dideoxynucleotide chain termi- 
nation method of Sanger et at.  (31) and Anderson et al.  (32).  Coding region sequences 
were determined on both DNA strands (see Fig. 2). 
Southern Blotting.  Genomic DNA was isolated from liver or sperm (24).  10 ug of DNA PERLMUTTER ET AL.  181 
was completely digested with 10 U of restriction enzyme (Bethesda Research Laboratories, 
Gaithersburg,  MD) before electrophoresis in 0.7% agarose in TAE buffer (0.04 M Tris- 
acetate, pH 7.5, 0.002 M EDTA) for 14 h at 40 V. The gel was then stained in 50 #g/ml 
ethidium bromide in water before denaturation in 1.5 M sodium chloride, 0.5 M sodium 
hydroxide for 1 h.  Neutralization  was accomplished in  I  M ammonium acetate,  0.02 M 
sodium hydroxide (:33) for 1 h before blotting onto nitrocellulose (Schleicher and Schull, 
Keene,  NH).  After  3 h,  the filter was baked at  80°C under vacuum for  1 h  and  then 
allowed  to prehybridize  at  37°C  in  0.8  M  sodium  chloride,  0.1  M  Tris,  pH  7.5,  5X 
Denhardt's solution (34) containing 100 t~g/ml boiled salmon sperm DNA as carrier (35), 
and 50% formamide. Hybridization was performed for 24 h at either 37 or 42°C in fresh 
prehybridization mix to which denatured s2P-labeled probe (106 cpm/ml) had been added. 
Probes were  generated  by subcloning into  M13mp8  (Collaborative  Research  Inc.) and 
were labeled using nick translation (29) or by primer extension from the M13 sequencing 
site (32).  Blots were washed in 0.03  M  sodium chloride, 0.003  M  sodium citrate,  0.1% 
sodium dodecyl sulfate at 50°C before autoradiography on Kodak XAR-5 film. For high 
stringency washing, 0.015 M sodium chloride, 0.0015 M sodium citrate at 68 °C was used 
for 3-5 h. In tests of V. probes with known sequence, washing at this stringency eliminates 
hybrids that are <90% homologous (R. M. Perlmutter, unpublished observation). 
Results 
We have previously reported (16, 19) that the majority ofanti-GAC antibodies 
raised  in  A/J  mice use  light  chains  that  are  spectrotypicaily and  idiotypically 
indistinguishable. To further characterize the structural diversity of GAC-bind- 
ing antibodies,  we performed  N-terminal  sequence analyses of purified heavy 
and  light  chains  from  four  GAC-specific  hybridomas  produced  using  GAC- 
primed A/J  mouse spleen cells (19) (Fig.  1). The heavy chain sequences differ 
from one another by at most four residues and are identical to the sequence of 
A/J anti-GAC heavy chains purified from hyperimmune sera at all 21  positions 
that can be compared (36,  37).  Two of the H  chain sequences, HGAC39  and 
HGAC40,  are  identical  throughout the first  60  residues despite the fact  that 
these two hybridoma proteins are idiotypically distinct. This is consistent with 
previous localization of our GAC idiotype to V~ (19). Interestingly, the HGAC39 
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FIGURE  1.  Amino-terminal sequences  of heavy and light  chains  from four A/J anti-GAG 
hybridoma proteins.  The  residues  are  numbered  sequentially  from  the  amino  terminus. 
Presence of the light chain idiotype V~l G^c is indicated  with a =+'. The heavy chain sequences 
are  compared  with  the  sequence  of the  ABPC4  heavy chain,  derived  from  a  BALB/c 
plasmacytoma that binds inulin (38). The positions of first (HV 1) and second (HV2) hypervar- 
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sequence differs at only two positions from the reported sequence of the heavy 
chain of ABPC4, a  BALB/c plasmacytoma that binds inulin (38). Both of these 
substitutions could result from single nucleotide changes. 
Three idiotype-positive light chains are also closely homologous, differing by 
only three substitutions out of the 70 positions compared (Fig.  1). One idiotype- 
negative light chain was examined and found to belong to a separate VK subgroup, 
differing from the  idiotype-positive sequences at  10  positions  in  the  first  70 
residues, 5 of which represent alterations in the amino-terminal 23 residues. 
Cloning of an Anti-GAC VH Gene.  Viewing the protein sequences shown in Fig. 
1, it would appear that somatic mutation operating on a single VH gene segment 
and two V. gene segments could produce much of the diversity in GAC-binding 
antibodies.  In  particular,  the two to  four substitutions  observed in  the heavy 
chain sequences are quite consistent with results obtained in  BALB/c anti-PC 
heavy chains  where a  single  V.  gene segment,  altered  by  somatic  mutation, 
encodes the entire repertoire of sequences (5, 6). 
To characterize the genes responsible for A/J anti-GAC antibodies, we con- 
structed  a  library  of genomic  DNA  from  the  HGAC9  hybridoma  in  phage 
lambda and  isolated the rearranged heavy chain gene using a  BALB/c probe 
containing all J. sequences (28, 30). Fig. 2 shows a partial restriction map of the 
HGAC9 V. clone that we obtained and the nucleotide sequence of the leader, 
intron, and the V. coding region  from this clone. The translated amino acid 
sequence from this clone agrees entirely with the previously obtained protein 
sequence at all 61  positions available for comparison. The leader sequence, by 
analogy to other VH sequences, is 15 residues in length and is followed by a  101- 
bp intron preceding the V. coding region. The D segment nucleotide sequence 
is  15  bp in length and is not a  member of any previously defined germline D 
family (39). This may reflect polymorphism between A/J and BALB/c D regions, 
high level somatic mutation within this particular rearranged D segment, or the 
existence of additional heretofore uncharacterized germline D segments in the 
mouse (13).  The  HGAC9  heavy chain  uses  the JH2  segment that  is sequence 
identical to the previously characterized BALB/c J.2 segment (40). 
Comparison of the translated sequence for the entire V. region of HGAC9 
with  the sequence of the  BALB/c  inulin-binding plasmacytoma heavy chain, 
ABPC4,  reveals only five amino acid substitutions,  three of which are within 
hypervariable regions (Fig. 3). The two sequences differ dramatically in their D 
segment-encoded regions, and ABPC4 uses the J.3 segment as opposed to J.2 in 
GAC9  (38).  Thus  BALB/c  inulin-binding  antibodies  and  A/J  GAC-binding 
antibodies  use  very  similar  V.  gene  segments joined  to  different  D  and J. 
segments and associated with different light chains. 
VHGAC Is a Member of a Small Multigene Family.  Since BALB/c anti-inulin and 
A/J anti-GAC antibodies use such similar VH sequences, it seemed possible that 
these  different molecules are  encoded  by  allelic  VH  gene  segments.  In  fact, 
comparison  of a  previously  determined BALB/c  germline  V.  sequence that 
encodes a protein that differs by one amino acid residue from ABPC4 with the 
V.GAC gene yielded 97% homology at the nucleotide level (S. T. Crews and R. 
M.  Perlmutter,  unpublished  data).  This  level  of homology is  consistent  with 
allelic differences in the T 15 V. family when different mouse strains are com- BGLli 
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FIGURE 2.  The structure of a VH gene encoding an A]J anti-GAC heavy chain. Shown is a 
partial restriction map of a recombinant phage clone containing the VH gene from the HGAC9 
hybridoma cloned from a genomic library constructed in L47.1 (26, 30). The DNA sequencing 
strategy, using M13rap8 single-stranded bacteriophage and the dideoxynucleotide technique 
(31,  32) is also partially  outlined, and the complete sequence of the leader, intron, and VH 
coding  regions  is  shown below.  The  protein  sequence  derived  by translation is  indicated 
immediately above the nucleotide sequence and is numbered sequentially with the first codon 
of the secreted heavy chain denoted number 1. The numbering of the nucleotide sequence is 
arbitrary.  Also shown are the positions of coding region and flanking region probes derived 
by subcloning of the appropriate restriction fragments into M 13rap8. 
pared  (R.  M.  Perlmutter,  unpublished  observation)  or  might  reflect  somatic 
mutation of the V.GAC gene, and it further  suggests  that the V. gene segments 
that encode inulin-binding  heavy chains in BALB/c  mice may direct the synthesis 
of GAC-binding  heavy  chains  in A/J mice. To test this hypothesis, we analyzed 
genomic DNA by Southern  blotting.  Fig.  4  shows that a  coding  region  probe 
derived from the VnGAC gene (Fig.  2) identifies  10-12 bands estimated to be 
at  least  90%  homologous  based  on  stringent  washing  in  A/J,  BALB/c,  and 
C57BL/6 DNA cut with EcoRI or BglII, and a small number  of bands  in similarly 
digested  Lewis rat  DNA.  The  specific gene that  is rearranged  in  the  HGAC9 184  MOLECULAR GENETICS OF ANTISTREPTOCOCCAL ANTIBODIES 
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FIGURE  3.  A comparison of the heavy chains of HGAC9 and ABPC4. The deduced complete 
amino acid sequence of the HGAC9 heavy chain is aligned with the sequence of ABPC4 (38). 
The boundaries of the hypervarible regions (HV 1 and HV2) are marked with bars. Sequences 
of V., D region, and Ju region encoded segments are shown separately. 
FIGURE 4.  Multiple, closely homologous  Vn  gene  segments  comprise  the  VHGAC gene 
family. Shown is a Southern  blot analysis of 10 t~g of sperm or liver DNA derived from A/J, 
BALB/c, or C57BL/6 mouse strains or from Lewis rats, compared with the pattern obtained 
using 10 pg of DNA derived from GAC9 hybridoma cells. The DNA samples were digested 
with either EcoRI or BglII to completion and fragments were separated by electrophoresis in 
0.7% agarose.  The probe used  was the VHGAC coding  region  segment  shown in  Fig. 2. 
Positions of standard DNA size markers are shown at the left of the figure (in kilobases). 
hybridoma  is  not  immediately  identifiable.  Using  a  5'  flanking  region  probe 
from the HGAC9 V. clone (which includes the leader and the intron sequences; 
see Fig. 2), however, a  single germline band is observed in Southern blots of A/ 
J  DNA.  As shown in  Fig.  5, this probe permits the identification  of the specific 
band in Fig. 4 that is rearranged in the HGAC9 hybridoma. The probe identifies 
two bands in EcoRI-digested BALB/c DNA, quite different in size from the band 
seen  in EcoRI-digested  A/J  DNA,  and  hybridizes  strongly with  a  6.3-kb EcoRI 
fragment in the HGAC9 DNA that contains the rearranged V. gene. The Lewis 
rat contains no sequences which hybridze with the 5' probe at this stringency. 
ABPC4  and  V, Genes Are Not Alleles.  Examination  of EcoRI  (not  shown)  or 
BglII-digested DNA from the ABPC4 plasmacytoma demonstrates no rearrange- 
ment of the  V,GAC  gene(s)  defined by the  5'  flanking  region  probe (Fig.  6). 
Thus, despite the fact that the V.GAC and ABPC4 protein sequences differ by 
only five residues, they are not encoded by allelic gene segments. 
Multiple  V.  Genes Are Used in  the A/J Anti-GAC Response.  Since  there  are  at PERLMUTTER ET AL.  185 
FIGURE 5.  The  VHGAC9 gene  segment  can  be  defined  by a  flanking  region  probe.  A 
Southern blot analysis using EeoRI- or BglII-digested DNA from A/J, BALB/c, or C57BL/6 
mouse strains or from Lewis rats or the G9 hybridoma cells is shown with the VHGAC flanking 
region probe (Fig. 2). The order of samples is identical  to that shown in Fig.  4. Positions  of 
standard size markers in kilobases are again indicated at the left of the figure. 
FIGURE 6.  The VHGAC gene and the ABPC4 Vn gene are not alleles. Shown is the pattern 
obtained when  10 #g of DNA from A/J or BALB/c liver or from GAC9 or ABPC4 cells is 
digested with BgIII and analyzed by Southern blotting using the VnGAC flanking region probe 
(Fig.  2). The positions of standard size markers are indicated in kilobases  at the left of the 
figure. 
least  10  germline  bands  with  >90%  homology  to  V.GAC  by Southern  blotting 
in  A]J  mice  (Fig.  4),  it  remains  possible  that  more  than  one  of these  V.  gene 
segments might contribute  to the diversity of the anti-GAC antibody response in 
these  mice.  Fig.  7  shows  a  Southern  blot  analysis  of six  A/J  hybridomas,  two 
BALB/c  hybridomas,  and  one  C57BL/6  hybridoma  with  specificity  for  GAC. 
Only  three  of the  A/J  anti-GAC  hybridomas  show  a  6.3-kb  rearranged  band 
corresponding  to  the  V.GAC  gene  cloned  from  HGAC9  cells.  The  remainder 
of the  hybridomas  must  use  other  VH gene  segments  to generate  GAC-binding 186  MOLECULAR GENETICS OF ANTISTREPTOCOCCAL  ANTIBODIES 
FIGURE  7.  Multiple VH gene segments contribute to the murine anti-GAC antibody reper- 
toire. Shown is a Southern blot analysis of DNA derived from six A/J hybridomas, two BALB/ 
c hybridomas, and one C57BL/6 hybridoma with specificity for GAC or from A/J or BALB/ 
c liver.  I0 #g of DNA was digested with EcoRI in each case and the VHGAC flanking region 
subclone was used as a probe (Fig. 2). The positions of standard DNA size markers in kilobases 
are shown at the left of the figure. 
activity. In particular,  HGAC39  and  HGAC40,  which differ from HGAC9  at 
only two positions in the amino-terminal 60 residues, must use a distinct but very 
closely related V. gene, while HGAC 11, which differs at four positions, uses the 
same VH gene segment as HGAC9 and probably the same D and J. segments as 
well, as defined by additional Southern blots performed using other restriction 
enzymes (data not shown). 
Discussion 
Analysis  of  the  molecular  genetics  of antibodies  initially  identified  three 
fundamental mechanisms responsible  for the generation of antibody diversity: 
germline repertoire, combinatorial joining of gene segments, and combinatorial 
association of heavy and light chains (1-4).  More recently, it has become clear 
that a process of somatic hypermutation can operate on fully assembled VH and 
VL genes to amplify the already substantial  germline diversity. In the BALB/c 
antibody response to  PC,  for example,  fully half of the available heavy chain 
variable region sequences differ from one another and yet all are encoded by a 
single germline VH gene segment (5,  6).  Similarly, somatic mutation has been 
shown to operate on the V~167  gene segment that encodes several of the light 
chains which are used in the BALB/c anti-PC response (8-10). Heavy chains of 
A/J anti-ARS antibodies bearing a cross-reactive idiotype (CRIA) also appear to 
be  derived  from  a  single  germline  V.  segment  with  superimposed  somatic 
mutation  (12),  and  similar results  have been suggested for murine antibodies PERLMUTTER ET AL.  187 
directed against GAT  (14) and OX  (13).  In fact,  in each of these systems the 
dominant  mechanism  responsible  for  antibody  diversification  appears  to  be 
somatic mutation. Thus, 70% of the substitutions in BALB/c PC-binding heavy 
chains reflect the action of the somatic mutation process (R.  M. Perlmutter, S. 
T. Crews, and L. E. Hood, unpublished data). 
To characterize further the relative importance of germline repertoire, com- 
binatorial joining, combinatorial association, and somatic mutation mechanisms 
in  the  generation  of antibody  diversity,  we  have  applied  protein  and  DNA 
sequencing strategies to the analysis of a particularly heterogeneous population 
of antibodies,  those directed against  group A  streptococcal carbohydrate.  Al- 
though the individual anti-GAC repertoire of each mouse is limited to one or a 
few antibody species (15,  16),  the typical anti-GAC  repertoire  of each  mouse 
strain is quite large, comprising at least 200 antibodies distinguishable by IEF or 
other  criteria  (17).  Since  murine  anti-GAC  antibodies  are  for  the  most part 
restricted to IgM~ and IgG3~ isotypes, the heterogeneity of these antibodies must 
reflect differences in variable region structure (18). Curiously, serologic studies 
have identified strain-specific idiotypes that are present on a large percentage of 
anti-GAC antibodies.  The A5A determinant(s), for example, is associated with 
20-60% of A/J anti-GAC antibodies and is inherited as a single Mendelian trait 
closely linked  to  immunoglobulin CH aliotype  (41).  Similar  results  have  been 
reported with other antiidiotypic reagents in BALB/c (S 117) (42) and SWR anti- 
GAC antibodies (43) and suggest that the diversity in this system is superimposed 
upon molecules with similar binding site structures. We have previously reported 
that  >50%  of A/J  anti-GAC  antibodies  use  a  specific  light  chain defined  by 
spectrotypic (16) and idiotypic (VK~  °Ac) (19) criteria, suggesting that much of the 
binding site diversity of these anti-GAC antibodies results from the pairing of 
multiple  heavy  chains  with  a  few  light  chains.  In  this  report,  we  present  a 
structural  analysis  of diversity  in anti-GAC  antibodies and  the  VH  genes that 
encode these antibodies. 
Limited  Heterogeneity of Anti-GAC Antibodies.  The amino-terminal heavy and 
light chain  sequences of HGAC9,  HGAC11,  and  HGAC40  are  quite  similar, 
differing from one another by at most 4 of 60 residues for the heavy chain and 
3 of 70 residues for the light (Fig. 1), although the IEF patterns of these antibodies 
are quite different (19). Most of the substitutions in these sequences are confined 
to hypervariable regions. Thus, in agreement with idiotypic data, the heteroge- 
neity of A/J anti-GAC antibodies reflects substitutions superimposed on common 
framework heavy and light chain structures. 
Structural Basis of VK1  cac.  Three  light chains that bear the  VKI GAC determi- 
nant(s) differ by only three residues, while a v~lGAC-negative light chain differs 
by  10  residues from the most similar idiotype-positive sequence,  including six 
framework substitutions (Fig.  1). It is likely that the VK1GAc idiotype depends at 
least in part on the presence of a characteristic framework structure, typified by 
HGAC9  and  closely  related  to  the  BALB/c  V~27  subgroup  (44,  45).  The 
HGAC39 idiotype-negative light chain sequence resembles sequences of another 
BALB/c subgroup, V~25. Herbst et al. (45) have recently reported the complete 
sequences of two anti-GAC light chains from CXBI  mouse hybridomas, which 
we have aligned with the A/J sequences in Fig. 8. One sequence (7S34.1) differs 188 
vr2r: 
MOLECULAR GENETICS OF ANTISTREPTOCOCCAL ANTIBODIES 
--HVI  --MV2-- 
I0  ~0  40  I  20  50  60  70 
GACgL  DIVNTQAAPSVPVTPGESVSISCRSSKSLLHSNGNTYLYWYLQRPGQSPQLLIYRNSGLASGVPKRFSNSGSG 
GACIIL  ........................................  F  .......................  $..,G  ....  TAFTLI 
GAC40L  ........................................  F  ......................  N  .... P  .... TA 
7S34.t  ......  T...AL  ............................  F  ......  C  .........  N  ......  D.,.6  ....  TAFTLRI 
--HVI--  --HV2-- 
20  I  ~0  30  40  50  60  70 
GAC39L  D I  VMTGAAFSNPVTLGTSASI  SCRSSKNLI_HSNGITFLYWYLr~RPGGSPGLL  I  YRNSNLASGVPHRFS?SGSG 
VZ25:  2SI.3  ....................  F  ......  S.GQ.K...Y  ......  K  ..........  GI .........  O...G  ....  T 
FIGURE 8.  Two distinct V, subgroups contribute to anti-GAC antibodies. The amino-termi- 
nal sequences of four A]J anti-GAC hybridoma light chains are compared with the sequences 
of two previously reported anti-GAG light chain sequences (7S34.1  and 2S1.3, 44) derived 
from hybridomas produced using GAG-immune spleen cells from CXBI recombinant mice. 
The sequences fall into two separate subgroups, V,25 and V,27 (43), as shown. Hypervariable 
regions (HV 1 and HV2) are denoted with bars, The numbering is sequential from the amino 
terminus. 
by seven substitutions  from the consensus VK~GAC-positive A/J  light chain se- 
quence, all but one of which are framework substitutions.  The other sequence 
(2SI.3) differs by 10 substitutions from the HGAC39 light chain sequence, but 
7 of these substitutions are in hypervariable regions. Clearly, similar light chains 
are used in anti-GAC antibodies from A/J mice and from the CXBI stains, in 
agreement with  the  observation  that  the  Vxl GAc idiotype/spectrotype can  be 
found in BALB/c and C57BL/6 mice (16,  19).  Attempts to define the V, gene 
segment(s) encoding VKI GAc are currently under way. 
Shared  VH Segments in Anti-GAC and Anti-inulin Antibodies.  The HGAC9  V, 
segment and the ABPC4  (BALB/c) antiinulin V, segment sequences differ at 
only five positions (Fig. 3) and are probably 97% homologous at the DNA level 
(R.  M.  Perlmutter and  S.  T.  Crews,  unpublished  observation).  This  level  of 
similarity strongly suggests  that  the same VH segments that encode anti-GAC 
antibody heavy chains can also contribute to heavy chains in anti-inulin antibod- 
ies.  Although VnGAC and the ABPC4  VH segments are not allelic (Fig.  6),  it 
seems certain that other A/J GAC-binding antibodies could use a  VH segment 
that  is  an  allele of the ABPC4  VR gene segment (see below).  This  would be 
analogous to  reports  of the promiscuous  use of a  single V,  gene segment in 
antibodies directed against ARS or OX (13). 
Generation of Diversity in A/J Anti-GAG Antibodies.  The heavy chain sequences 
of A/J anti-GAG antibodies in this report differ by as many as four substitutions 
in the first 60 residues (Fig.  1).  Using a  single-copy flanking region probe, we 
have shown that the two most dissimilar sequences, GAC9H and GAC11H, are 
encoded by the same germline V. gene segment (Fig.  7); most likely, the same 
D  and J.  segments are  rearranged  in  these  hybridomas as  well  (Fig.  7  and 
additional unpublished data).  Thus,  in  anti-GAG antibodies, as previously de- 
scribed in  the PC,  NP,  ARS,  and  GAT systems, a  somatic mutation process, 
superimposed on a single germline V, gene segment, acts to amplify the diversity 
of expressed heavy chains. Interestingly, three of these four substitutions require 
two nucleotide replacements (C ---) H, S ~  G, and D ~  S) (Fig.  1). 
In contrast to the results obtained in PC, ARS, and GAT systems, however, 
we have shown that some of the heavy chain diversity of anti-GAC antibodies PERLMUTTERETAL.  189 
results from the use of more than one V. gene segment. Using a coding region 
probe, we estimate that the A/J and BALB/c germline repertoires include at 
least 10 VH gene segments >90% homologous to V.GAC (Fig. 4). The V.GAC 
gene segment can be defined using a single-copy flanking region probe (Fig. 5) 
and is not rearranged in hybridomas HGAC39 and HGAC40 (Fig.  7),  which 
share an identical heavy chain sequence that differs at only two positions from 
V~GAC in the first 60 residues (Fig.  1). Only three of nine hybridomas that we 
examined use the V.GAC gene segment defined by HGAC9 (Fig.7). Although 
it is remotely possible that several of the hybridomas that we examined had lost 
the chromosome encoding the GAC-binding heavy chain, in our experience these 
hybridomas are quite stable. Thus, the diversity of anti-GAC antibodies reflects 
a  germline repertoire that  includes at  least  two V~ and at  least two V.  gene 
segments and a superimposed somatic mutation process. 
The HGAC9 D segment (GATCTCGGACAAGC), although unrelated to any 
previously described germline D  segments (39),  is  similar  to  the  D  segment 
commonly observed in  heavy chains  from  BALB/c  and  DBA/2  hybridomas 
binding OX (GATCGGGGG) (13).  This observation supports the existence of 
another as yet uncharacterized D segment family in the routine germline. 
Evolution  of the  V~GAC Gene Family.  It  is  interesting  to  speculate  on  the 
selective forces that maintain a germline family of perhaps 10 V, segments that 
are >90% homologous. Unequal recombination events can be expected to result 
in expansion and contraction of this family over time (46), and indeed the BALB/ 
c genome includes two copies of the V~GAC gene that is apparently present in 
only a single copy in A/J and C57BL/6 mice (Fig. 5). This likely reflects gene 
duplication occurring since  the  time of strain  divergence in  mice  or a  gene 
deletion event in the ancestors to the A/J and C57BL6 mouse strains. Interest- 
ingly, multiple, closely homologous VHGAC-coding region sequences are main- 
tained in  the context of quite divergent leader and intron sequences (R.  M. 
Perlmutter and S. T. Crews, unpublished observation). Maintenance of closely 
homologous V. segment sequences despite divergence of surrounding flanking 
regions may reflect gene conversion events (47),  The V.GAC gene family will 
provide an interesting proving ground for the study of short-term evolution in 
multigene families and, because of the large genetic distance between anti-GAC 
idiotypic markers and C. aliotype (41), should prove useful in the mapping of 
the murine V~ locus using easily detected restriction enzyme polymorphisms in 
the 5' flanking region of V.GAC (Fig. 5). 
Summary 
Most mouse strains are able  to  mount a  diverse antibody response against 
group A streptococcal carbohydrate (GAC). We have previously reported that 
murine anti-GAC antibodies are for the most part restricted to IgM and IgG3 
subclasses. In addition, despite extensive heterogeneity in their isoelectric focus- 
ing patterns,  >50%  of A/J  anti-GAC antibodies share  a  common light chain 
defined by spectrotypic  and idiotypic (VK1  GAC) criteria.  We have used protein 
and  DNA  sequencing strategies to  examine the  genetic basis  of diversity  in 
murine anti-GAC antibodies. In particular, we report that, (a) multiple, closely 
homologous VH gene segments contribute to the generation of anti-GAC anti- 190  MOLECULAR  GENETICS OF ANTISTREPTOCOCCAL ANTIBODIES 
bodies,  (b)  a  common  framework  sequence,  related  to  the  V,27  subgroup, 
probably defines VK1GAc, and (c) the A/J anti-GAC V, regions and BALB/c anti- 
inulin  VH  sequences  are  95%  homologous at  the  protein  level  and  are  likely 
encoded by overlapping VH gene families. Lastly, we discuss the genetic mecha- 
nisms that might permit the evolution of multiple, closely homologous germline 
Vn gene segments in the context of highly divergent flanking region sequences. 
We thank Alexander Shaffer, John Molkie, and Donna Venturini for technical assistance, 
Dr.  Fred  Mushinski  for  the  gift  of ABPC-4  DNA,  Drs.  Ellen  Kraig,  Sandra  Chang, 
Mitchell Kronenberg, and Carol Readhead for critically reviewing the manuscript, and 
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